Different possible forms of Al 2 O 3 units in a SiO 2 network are studied theoretically within the framework of density-functional theory. Total-energy differences between the various configurations are obtained, and simple thermodynamical arguments are used to provide an estimate of their relative importance at different Al concentrations. Some experimentally accessible quantities ͑hyperfine parameters, electric-field gradient tensors, and core-level chemical shifts͒ are derived, and compared with experimental data where available. The results show that Al ions at low Al 2 O 3 concentrations will be present as isolated impurities bound to three or four O atoms, whereas at higher concentrations clusters consisting of four Al ions will form. In these clusters both four-and five-coordinated Al can occur, but no energetic preference for the five-coordinated state is found.
I. INTRODUCTION
The properties of Al impurities in silica glass have in recent years become an important topic due to the commercial use of rare-earth doped silica glass for creating active ͑i.e., light-amplifying͒ devices used for optical communications systems. Al codoping plays a crucial role in the fabrication of components with useful gain coefficients as it has been found to prevent the clustering of rare-earth dopants which would otherwise strongly reduce the attainable population inversion for high rare-earth concentrations. 1, 2 No microscopic model for the interactions between rare earths and Al exist at the moment, and even the behavior of Al impurities in the absence of rare-earth elements is poorly understood. Previous experimental work on crystalline quartz as well as various forms of silicate glasses has indicated that Al is present in a number of different states depending on the concentration of Al and other impurities in the material. Extensive electron paramagnetic resonance ͑EPR͒ studies have established that Al in natural quartz is predominantly incorporated in Si-substitutional positions with the missing electron provided by a nearby alkali element ͑such as H, Li, Na, etc.͒. [3] [4] [5] [6] [7] Also Al ions implanted in silica were found to occupy substitutional positions, pushing Si atoms into the interstitial region. [8] [9] [10] [11] However, the state of fully oxidized Al impurities ͑that is, Al 2 O 3 units͒ in a silica network free of other impurities is still an open question. Brower 12, 13 found EPR evidence of three-coordinated Al ions in silica fused from natural quartz with low alkali content, but a recent EXAFS 14 study of glass with an Al 2 O 3 concentration of ϳ0.4 mole % ͑compared to the ϳ10-100 ppm weight Al concentration in natural quartz͒ found only evidence of fourcoordinated Al species. NMR studies at still higher (Ͼ1 mole %) concentrations resolve signals from both four-, five-, and six-coordinated Al ͑the assignment of the five-coordinated signal is somewhat controversial͒. [15] [16] [17] [18] [19] A number of theoretical investigations of Al impurities in silica have appeared over the years, most of them being concerned with the structure and hyperfine parameters of Sisubstitutional Al with or without compensating ions. [20] [21] [22] [23] [24] [25] [26] Such calculations have played an important role in establishing the structural models for compensated substitutional Al impurities. In addition, small molecules and zeolite structures containing oxidized Si and Al ions have been studied, primarily with the purpose of extracting electric-field gradients ͑EFG's͒ at Si, Al, and O nuclei. 27, 28 The purpose of the present work is to shed light on the behavior of Al in lightly doped (Շ1 mole % Al 2 O 3 ) SiO 2 by means of parameter-free density-functional theory ͑DFT͒. To this end, some simple structural models for Al 2 O 3 units in a SiO 2 matrix are investigated. The quantities of interest are total energies and geometric structures, hyperfine coupling constants, core-level shifts, and electric-field gradients. Simple thermodynamic models based on the total-energy results serve to give a feel for the magnitude of entropy effects. The calculations are done in repeated-cell geometries based on crystalline quartz forms. The possibility of generalizing the results to the important case of amorphous silica is carefully discussed, although no attempt at a direct simulation of the amorphous environment is made. On the basis of the theoretical findings various experimental results are analyzed and discussed.
The rest of the paper is organized as follows: In Sec. II the theoretical approach is outlined. This includes both the structural models considered, and the calculational techniques employed. In Sec. III the results of the DFT calculations and some thermodynamical model calculations are presented. In Sec. IV these results together with experimental information are used as a basis for discussing various models for the behavior of Al impurities in silica glass. Section V summarizes the results and conclusions.
II. THEORETICAL APPROACH

A. Structural models for Al 2 O 3 in silica
The investigation of impurity behavior in silica materials is greatly complicated by the fact that even the energy landscape for pure silica has a multitude of local minima. This is evidenced by the existence of 19 crystalline silica allotropes and also by the ease with which amorphous silica is formed. Further complications are, of course, introduced by the addition of other chemical species than the network constituents, and an exhaustive exploration of the local energy minima exhibited by a reasonably sized piece of impurity-containing silica using accurate quantum-mechanical methods at the moment appears computationally prohibitive.
The complexity of the energy landscape may be greatly reduced by assuming a crystalline host material and neglecting the possibility of network topology reconstructions around the impurities. This approach is supported by the observation that the local chemical environment around a particular atom ͑which experimentally can be probed through neutron scattering or x-ray diffraction͒ in amorphous silica is similar to that in the crystalline forms. The disorder comes about through a loss of intermediate-and long-range order. Therefore local impurity chemistry should not differ too much between crystalline and amorphous silica, and the use of crystalline impurity hosts in theoretical studies has considerable merit in predicting local observables such as hyperfine parameters and core-level shifts even for the amorphous case. This strategy is also adopted in the present work, using in most cases crystalline ␣-quartz as the host material. However, it is important to keep in mind that the results obtained are, in principle, specific for the chosen crystal form, and that their validity further depends on the assumption that no reconstructions of the network topology takes place.
Due to the high degree of local chemical order in silica, the nearest-neighbor shell of a given atom can be unambigously identified, even in the impurity geometries to be considered in this paper. Therefore the concept of coordination number ͑or number of atoms in the nearest-neighbor shell͒ of a given atom is well defined. In the following, X͓n͔ will denote an atom of type X with n nearest neighbors. For instance, Al͓4͔ denotes an Al atom bonded to four O atoms, whereas O͓2͔ denotes an O atom bonded to two Si/Al atoms.
Even with the above-mentioned restrictions a number of Al impurity states can be imagined, depending on the number of Al atoms present. In the following only the simplest and most obvious configurations will be considered. Introduction of an Al 2 O 3 unit in a SiO 2 network can be regarded as the introduction of two AlO 2 groups ͑e.g., two Sisubstitutional Al atoms͒ along with an O vacancy ͑hereafter denoted V O ). If these ''elementary particles'' are assumed to be widely separated this implies either a corresponding charge separation ͑each substitutional Al carrying a negative charge taken from the O vacancy͒, or the existence of unpaired spins at the Al ions. Since the well-established EPR signal from neutral substitutional Al is not observed in unirradiated Al-containing silica, it follows that charge separation must occur if this Al 2 O 3 state is present. Total-energy calculations for charged impurities with periodic boundary conditions ͑which, as explained in the next subsection, are adopted here͒ are a nontrivial matter and therefore these states will not be considered here. The need for charge separation is reduced if the O vacancy binds to one of the Al atoms, and eliminated if it binds to both. I shall denote these structures AlV O and Al 2 V O , respectively. They are schematically depicted in Figs. 1͑a͒, 1͑b͒. The Si͓3͔ and Al͓3͔ atoms constitute electron traps due to the presence of dangling sp 3 orbitals. The AlV O state ͓Fig. 1͑a͔͒ is a deep trap, since the paramagnetic configuration is the neutral one, whereas the Al 2 V O state is a shallow trap, since the paramagnetic state is negatively charged. In the following, the para- magnetic states of AlV O and Al 2 V O will be studied with the purpose of extracting EPR parameters.
In the unrelaxed ␣-quartz structure each Al ion in the Al 2 V O state is threefold coordinated, and the state is neutral and nonmagnetic. However, although the dangling Al sp 3 orbitals are unoccupied, they may still be chemically active, due to the presence of nonbonding 2p orbitals on the O atoms in the silica network. Although the O 2p levels are considerably lower in energy, the electrons in these levels may gain some hybridization energy by bonding to the empty Al sp 3 orbital. This would lead to the formation of an Al͓4͔ and an O͓3͔ atom in the lattice. This idea, commonly known as the ''tricluster'' hypothesis, was originally put forward by Lacy. 29 A similar rebonding mechanism at positively charged O vacancies is thought to be the origin of the paramagnetic E 1 Ј center in ␣-quartz. 30 However, the formation of the extra bond will require a distortion of the silica network with an elastic energy penalty whose magnitude will depend on the local environment.
Another structural model which has been suggested by several authors is the formation of three Si-substitutional Al ions compensated by a fourth Al 3ϩ ion residing in the interstitial parts of the silica network. [31] [32] [33] Since each substitutional Al ion needs an extra electron ͑from the interstitial Al 3ϩ ) to fill all bonds, it is clear that there will be a strong electrostatic attraction between substitutional and interstitial ions. In fact, the energy gained by moving all four constituent ions together can be estimated as
where ⑀ is the dielectric constant of silica and d is the distance between the Al ions. Taking dϭ3 Å ͑approximately the shortest distance between Si atoms in silica͒ and ⑀ ϭ4.48, 34 one obtains ⌬Eϭ6.43 eV, so in the present work I will only consider the case where the interstitial Al 3ϩ ion resides next to the substitutional Al's, a structure I shall denote as Al 4 ͓V O ͔ 2 . Even with this restriction it is clear that there is a large number of possible variations to this structural theme, of which I will only investigate a few examples. A common feature of crystalline silica allotropes is the appearance of ring structures containing six silicon atoms, and these rings are also thought to be abundant in amorphous silica. I will therefore investigate some Al 4 ͓V O ͔ 2 structures in which the substitutional Al atoms are all present in one six-member ring. Three cases, schematically depicted in Figs. 1͑c͒-͑e͒, are considered: One ͓Fig. 1͑c͔͒ in which all Al atoms has at least one Al neighbor in the ring, one ͓Fig. 1͑d͔͒ in which two Al atoms are neighbors, and finally ͓Fig. 1͑e͔͒ one in which the Al atoms are evenly distributed over the ring. In the following, these states will be denoted Al 4 2) , and Al 4 ͓V O ͔ 2 (3) , respectively.
B. Computational methods
The study of the Al configurations outlined in the previous subsection is performed within the framework of density-functional theory ͑DFT͒.
35,36
The exchangecorrelation energy is described in the approximation proposed by Perdew and Wang ͑PW91͒, 37 and the resulting Kohn-Sham equations are solved in a plane-wave representation using Vanderbilt's ultrasoft pseudopotential ͑US-PP͒ scheme. 38, 39 Unless otherwise stated, the plane-wave expansion of the wave functions is cut off at a kinetic energy of 25 Ry, and Brillouin-zone integrations are approximated by sampling only the ⌫ point. In most cases, the Al impurities are immersed in an ␣-quartz host, which is the stable crystalline form of silica at low temperatures. In addition, a few calculations have been made using ␣-cristobalite as a host material. All calculations in the ␣-quartz host are done in a supercell consisting of eight elementary unit cells or 24 SiO 2 formula units, whereas in the case of ␣-cristobalite a supercell of four elementary unit cells ͑16 formula units͒ is used. For ␣-quartz, lattice parameters were fixed at the theoretical equilibrium values for pure silica as calculated within the present approach (aϭ5.05 Å, c/aϭ1.097). The ␣-cristobalite calculations were done at the experimental lattice constants. Full structural optimizations were performed using a conjugate-gradient algorithm searching for the nearest local minimum in configuration space. Relaxations were performed until the length of the total force vector was less than 0. 15 4 ͓V O ͔ 2 in ␣-quartz x ϭ21, yϭ2. E h ͓SiO 2 ͔ denotes the energy per formula unit of a pure SiO 2 supercell calculated with same parameters for lattice constants, plane-wave cutoff, k-point sampling, etc. E at ͓Al͔,E at ͓O͔ is the energy of free Al,O atoms. The choice of reference state is of no consequence in the present paper since only formation energy differences will be relevant ͑it is not my intention to model the glass formation process͒. The computation of absolute formation energies, whether using free-atom or crystalline reference energies, is prone to errors from basis-set cutoff, k-point sampling and the finite size of the supercell. However, in the formation energy differences these errors cancel to a large extent.
The calculation of hyperfine parameters and electric-field gradient tensors require knowledge of the wave function close to, or even right at, the nucleus, which appears to present a problem, as the pseudopotentials do not describe the wave function correctly in this region of space. To overcome this problem, I reconstruct the true wave function in the core region by augmenting the pseudo wave function along the lines described in Ref. 40 . Using this procedure, one obtains a wave function very similar to that of the projector-augmented wave ͑PAW͒ scheme introduced by Blöchl, 41, 42 which has been shown to give rather accurate results for the properties of interest here. [43] [44] [45] The Al ultrasoft pseudopotential used throughout has two projector functions in the s channel and one in the p and d channels. For the isotropic part of the hyperfine tensor, core-polarization effects are approximately taken into account by recalculating the core states while keeping the spin-polarized valence electron density fixed. This is not an exact approach, as it ignores the back reaction of the core spin polarization on the valence electron density, but it serves to give an idea of the magnitude of the core-polarization effect. In the present case, corepolarization was found to affect the isotropic hyperfine parameters by about 1% in all calculations.
To estimate Al core-level shifts new Al pseudopotentials with a hole present in either the 1s or 2p channel were constructed. One Al atom in the supercell is then described by such a potential while the total-number of electrons is kept equal to that of the neutral cell without core holes. The total-energy difference between 1s and 2p hole states provides a measure of the core-valence interaction contribution to the K ␣ transition energy, and can thereby be used to deduce chemical shifts. It has recently been demonstrated that this approach is able to predict chemical shifts of Al, Si, and Ge lines in various oxide compounds to an accuracy of 10% or better, 11 and it therefore appears suitable for predicting line positions in the present problem. In the same way, the total-energy difference between states with a 1s ͑or 2p) hole in different positions provides a measure of the chemical shift of this core level between the two Al atoms in question. No attempt at calculating absolute transition energies is made. Core-level shifts of O 1s levels are calculated in a similar way, introducing an O pseudopotential with a hole in the 1s shell at the O atoms of interest while keeping the number of valence electrons fixed. By comparing totalenergy values with the 1s hole in different positions corelevel shifts between ''ordinary'' silica O atoms and those in the vicinity of the Al impurities can be deduced.
The treatment of charged states in a supercell approach is a delicate problem, since the long range of the Coulomb potential leads to a divergency in the electrostatic energy when the charged impurity is periodically repeated. For the treatment of the ͓Al 2 V O ͔ Ϫ state, I shall adopt the common solution of adding a uniform background charge to eliminate the divergency. This implies a substantial error in the total energy, and possibly also minor errors in the equilibrium structures. However, for estimating the magnitudes of hyperfine coupling constants, which is the main reason for including this state here, the approach should be acceptable.
III. NUMERICAL RESULTS
A. Geometries and electronic structures
AlV O
The neutral AlV O state has an unpaired spin, and therefore cannot exist in appreciable quantities in ordinary silica, as its EPR activity would otherwise have been noticed. The reason for including it in the present study is to investigate its EPR properties. If charged AlV O units exist in the normal state of silica it should be possible to observe the EPR signals from neutral AlV O states induced upon irradiation of the material. Since accurate total-energy data are not required for this Al state the structural relaxations have not been performed as thoroughly as for the other states studied. Relaxations have been terminated when the length of the total force vector was below 0.3 eV/Å, and have mostly been performed without spin polarization.
The O vacancy in pure silica has been the subject of several theoretical studies in recent years. 46, 30, 45 It has been found that the neutral O vacancy in ␣-quartz has one stable geometry where the dangling orbitals on the Si atoms hybridize to each other, and the distance between the two Si atoms sharing the vacancy becomes around 2.4 -2.5 Å. The positively charged O vacancy, on the other hand, has two metastable minima separated by an energy barrier. One minimum is similar to the neutral structure, with only one electron in the Si-Si bond, which expands to about 3 Å. In the other, this electron localizes on one Si atom, whereas the second Si atom is displaced and its dangling orbital rebonds with the nonbonding 2p state of a neighboring O atom. In the ␣-quartz structure, the two Si atoms sharing an O vacancy are not equivalent since the bond lengths to the O atom that was removed are slightly different. Only the long-bonded Si atom has a stable rebonded configuration. This configuraion is commonly known as the silica E 1 Ј center. Concerning the relative stability of the two states somewhat different results have been found using different theoretical approaches. Using the PAW technique and a generalized gradient approximation ͑GGA͒ energy functional Blöchl found that the two states were almost degenerate with an energy difference of only 0.04 eV ͑the rebonded state having the lower energy͒, Boero et al. reported a 0.3-eV difference from US-PP calculations within the local-density approximation ͑LDA͒, whereas the Hartree-Fock cluster calculations of Pacchioni and Ieranò yielded an energy difference of 0.64 eV. 46 When one of the cations sharing the O vacancy is an Al atom, the electronic structure of the neutral defect is similar to that of the positively charged O vacancy in pure silica, since Al has one valence electron less than Si. Therefore one may expect that also the energy landscape of the neutral AlV O state will resemble that of the positively charged ␣-quartz O vacancy. I have used the equilibrium geometries for the pure-silica vacancy as starting points for the structural relaxations of the AlV O states, substituting one of the Si cations with Al. Since in each of the two stable geometries of the charged Si-Si vacancy there are two inequivalent Si cations to substitute there are in principle four possible states to consider. In two of them, both the Si and Al cations will bond to only three O atoms. Since the hyperfine parameters for Si and Al must be expected to be very similar ͑except for the directionality of the anisotropic tensor͒ in these two cases only one ͑with Al at the short-bonded site͒ will be treated here. On the other hand, when one of the cations is rebonded, it is important for the spin distribution, and therefore the hyperfine parameters, whether the rebonded cation is Si or Al. Therefore both these cases have been investigated. All the relaxed AlV O geometries are shown in Fig. 2 , with bond lengths in Å. Judging from the spin-density distribution and in particular the hyperfine parameters ͑to be discussed in Sec. III C͒, the unpaired electron does not localize strongly on the Al cation in any of the structures considered. In fact, in the nonrebonded geometry the electron is almost completely localized on Si, and the distance between the cations is ϳ4.45 Å, suggesting that Si-Al hybridization does not play an appreciable role in determining the structure. This is in contrast to the situation at a Si-Si vacancy, where the Si-Si distance in the positive charge state is about 3 Å and appreciable Si-Si hybridization remains. The highest spin density on the Al site is found for the state in Fig. 2͑b͒ with rebonded Si, as expected. In this state, the unpaired spin is rather delocalized, with appreciable weigth on both Al, Si, and in the interstitial region.
The tendency of the unpaired electron to localize on Si rather than Al is a consequence of the fact that the sp levels on Si are lower in energy than those on Al. The total energies for the various AlV O states also reflect this fact: The state in Fig. 2͑c͒ with rebonded Al is about 1.3 eV lower in energy than that with rebonded Si ͓Fig. 2͑b͔͒, and ϳ0.5 eV lower than the state without rebonding. This is because a structure with the unpaired spin present in the low-energy Si sp orbitals is preferred. The energy of the structure in Fig. 2͑c͒ is then further lowered compared to that of Fig. 2͑a͒ by the formation of an extra Al-O bond. It is interesting to note, however, that this bond is weaker ͑judging from the bond length͒ than the corresponding Si-O bond in Fig. 2͑b͒ . This suggests that, if the unpaired spin is removed, so that a positively charged AlV O state is formed, it will be favorable to have Si rather than Al at the rebonded site. Therefore if neutral AlV O states observed in irradiated samples are assumed to be formed from positively charged precursors it is possible that the state in Fig. 2͑b͒ will be present, although metastable, in spite of its higher energy.
Al 2 V O and †Al 2 V O ‡
À
When two Al atoms share an O vacancy the electronic structure is similar to that of a doubly charged O vacancy in pure silica. Since no electrons need to be accommodated in the dangling cation orbitals, one would a priori expect both Al atoms to rebond in the manner discussed in the previous section. Indeed, it is found that the nonrebonded energy minimum goes away, but I have not been able to find any stable configuration in which the short-bonded Al atom forms an additional bond. Thus, as can be seen from Fig.  3͑a͒ , in the equilibrium geometry there is one Al͓3͔ atom and one Al͓4͔ with a somewhat stretched fourth bond. This finding is very important, since it shows that the rebonding happens at the expense of lattice distortion energy, and therefore is dependent on a favorable local environment. The Al-Al distance in the relaxed state is 4.82 Å, suggesting that no chemical interaction between the Al ions is present. This would indeed be unexpected given that both the dangling Al orbitals are empty. The implications of these results for the possible states of Al in amorphous silica will be discussed below.
In order to investigate the dependence of the rebonding mechanism on the local environment, the Al 2 V O configuration was also studied within an ␣-cristobalite host, as described in Sec. II B. In contrast to the case of ␣-quartz two local minima were found in the ␣-cristobalite host, one similar to the rebonded state in ␣-quartz, with a bond length of 2.05 Å for the extra Al-O bond, and another metastable state in which this distance had expanded to 2.75 Å, so that both Al ions could be considered to be in the Al͓3͔ state.
The dangling orbital on the Al͓3͔ atom constitute a localized state in the silica band gap and can as such act as an electron trap. EPR evidence of such trapped electrons was reported by Brower. 12, 13 To investigate the EPR properties of this trap I have performed DFT calculations for the negatively charged Al 2 V O state, ͓Al 2 V O ͔ Ϫ , in the ␣-quartz host. If the electron is added to the neutral equilibrium geometry without structural relaxation it is indeed found to localize on the Al͓3͔ atom. This structure is not stable, but relaxes into a state in which the Al ions bond to each other, and the unpaired spin is evenly distributed over both Al sites. The equilibrium geometry is shown in Fig. 3͑b͒ . The Al-Al distance of 3.02 Å is similar to what was found for the Si-Si bond length at a positively charged O vacancy in pure silica by Blöchl.
Al 4 †V O ‡ 2
When the Al 4 ͓V O ͔ 2 structures schematically shown in Fig. 1͑b͒ are released they all stabilize in geometries where the Al ions initially substituting for Si in the silica network stay four coordinated although with some degree of dispersion in the bond lengths. The behavior of the interstitial Al ion is state dependent. In the Al 4 ͓V O ͔ 2 (1) and Al 4 ͓V O ͔ 2 (3) geometries, the interstitial Al relaxes into a five-coordinated position, whereas in the Al 4 ͓V O ͔ 2 (2) state it ends up being four coordinated, with bond lengths similar to the substitutional Al ions. The geometries are shown in Fig. 4 . For the sake of clarity, only the atoms in the Al-containing sixmember ring, the interstitial Al and its nearest neighbors have been included. It should be noted that all the O atoms bonded to the interstitial Al are three coordinated although some of them do not appear as such in the figure because they are bonded to Si atoms outside the ring. The mean and variance of the bond lengths for the first and second coordination shells are given in Table I along with the extended x-ray-absorption fine-structure ͑EXAFS͒ results recently reported by Sen. 14 The agreement between theory and experiment is quite good, especially for the bond lengths. In the second neighbor shell both coordination numbers and the mean-square deviation of the bond lengths are somewhat overestimated by the theory. In this connection it should be noted that these parameters are correlated in the EXAFS data analysis, and can be increased/decreased simultaneously over some finite range without compromising the quality of the fit to the raw data ͑Sen estimates an uncertainty of Ϯ1 for the coordination number͒. However, from the total-energy results to be presented in the next subsection it can be seen that low bond length dispersion seems to correlate with low total energy. It is therefore to be expected that the present supercell model, with its limited degrees of freedom for structural relaxation, will overestimate the bond length dispersion in an amorphous silica network. On the other hand, the secondshell coordination number is more or less dictated by the structural model: The substitutional Al ions have four Si/Al second-nearest neighbors in the silica network and are, in addition, close to the interstitial Al giving a second-shell coordination of 5. Only in the second shell of the interstitial ion some variations in coordination number between different structures is seen.
Considering the nature of the O linkages it is interesting to notice that no O͓2͔ species bonded to two Al ions ͑Al-O-Al links͒ are found, in spite of the proximity of the four Al ions. Most of the O͓3͔ species are bonded to two Al and one Si atom, however, O atoms with three Al neighbors are found in the Al 4 weak. The energy gained from forming the seventh Al-O bond in Al 2 V O can be estimated from the results obtained in the ␣-cristobalite structure, where two local minima were found, one of which ͑denoted Al 2 V O (2) in Table I͒ practically has two Al͓3͔ ions. In the cristobalite structure the gain is only 0.1 eV, whereas the formation energy of Al 2 V O in ␣-quartz is 0.44 eV lower than that of the metastable Al 2 V O state in the cristobalite host. Since the length of the stretched bond is similar in the two hosts ͑the seventh bond in cristobalite is actually slightly shorter than that in ␣-quartz͒ it is clear that differences in the elastic energy cost of lattice deformation plays a considerable role in determining these energy gains. In the present case, the energy difference between the different hosts may, at least in part, be caused by the fact that the supercell used is larger for ␣-quartz than for ␣-cristobalite, thus providing more degrees of freedom for the structural relaxations. Since the formation of Al 4 ͓V O ͔ 2 structures requires two Al 2 O 3 units, the Al 2 V O state, although disfavored from totalenergy considerations alone, will be favored by entropy effects. A full simulation of finite-temperature equilibrium thermodynamics is beyond the scope of the present work, and might not even be relevant for all types of glass. However, it is interesting to consider a few simplified thermodynamical models in order to shed light on the implications of the total-energy results quoted above. It should, of course, be stressed that the results obtained for impurity state concentrations are order-of-magnitude estimates rather than accurate quantitative predictions.
Considering the Al 2 O 3 units to be moving in a fully polymerized silica network the transformation between the two main impurity models investigated here can be written as the reaction
͑3͒ Neglecting the contributions from vibrational entropy and impurity interactions, the Helmholz free energy of the impurities may be written in the form
͑6͒
Here 
.
͑7͒
The state sums in the parameters should now include all possible states of a given composition. For the Al 2 V O ''molecule'' there is obviously one possible state for each O site in the lattice, so that
where N lat is the number of cation sites in the lattice ͑i.e., in the limit of low Al concentration N lat ϷN Si ). For the various Al 4 ͓V O ͔ 2 states I shall assume that all structures having the schematic form depicted in Fig. 1͑b͒ 
with x 1 ϭ6, x 2 ϭ12, x 3 ϭ2. Equation ͑7͒ may then be cast in the form
where the energy parameters may now be read off from 4 ͓V O ͔ 2 states are completely dominant for all Al 2 O 3 concentrations of practical interest ͑natural quartz usually contains Al impurities in the ppm range͒, even at the highest temperatures. This seems to rule out the presence of Al 2 V O units in ␣-quartz ͑which has actually transformed into ␤-quartz at these high temperatures͒, unless the crystal is far from thermodynamic equilibrium. On the other hand, the results do not necessarily imply the predominance of Al 4 ͓V O ͔ 2 structures since states in which the O vacancy is separated from one or more of the Al ions have not been considered here. Although these states are likely to be still higher in energy they will be favored by entropy considerations at sufficiently low concentrations.
Since the two Al ions in the Al 2 V O structure are only connected structurally ͑they share an O vacancy͒ one can speculate that they might be free to move away from each other in an amorphous silica host where the concept of an O vacancy is not so well defined. This is in contrast to the Al 4 ͓V O ͔ 2 states, which are kept together by electrostatic forces as argued in Sec. II A. The simplest and most radical assumption is completely independent motion of the Al ions. In this case Eq. ͑10͒ is replaced by
c Al being the concentration of isolated Al ions. The resulting fraction of Al ions in this state is plotted in Fig. 5͑b͒ for the same temperatures as in Fig. 5͑a͒ . The splitting of the Al 2 V O state is seen to greatly disfavor the formation of Al 4 ͓V O ͔ 2 complexes, so that the independent Al ions are now expected to be dominant in the 10-100-ppm concentration range usually found in glass made from natural quartz samples. On the other hand, the Al 4 ͓V O ͔ 2 state is still dominant for the high end of the concentration range investigated here, which is relevant for commercial Al-doped glass as used in, e.g., rareearth doped optical amplifiers. The results in Fig. 5͑b͒ were obtained under the assumption that the independent Al ions still had the same mean energy as those in the ␣-quartz Al 2 V O structure. However, one could argue that ions moving freely would preferably occupy positions in the lattice where they could form an extra Al-O bond. Taking the energy gain from the formation of a fourth Al-O bond to be 0.1 eV per Al atom as in the cristobalite host the curves of Fig. 5͑b͒ are not changed very much. Taking the gain to be 0.44 eV as estimated from the comparison of ␣-quartz and ␣-cristobalite results one obtains the curves depicted in Fig. 5͑c͒ . The Al 4 ͓V O ͔ 2 states are still dominant at the highest concentrations, but for doping in the 0.1-1 % range a mixture of states is present. As discussed above, the 0.44-eV energy gain is probably an overestimate due to the difference in size of the supercells used. On the other hand, in amorphous silica one could speculate that the energy gain would be site dependent and that certain favorable sites would be preferentially occupied, thus increasing the importance of the isolated Al state. However, obtaining a reliable estimate of such a site energy distribution is an extremely demanding computational problem beyond the scope of the present work.
C. Hyperfine parameters
Hyperfine parameters have been calculated for the various AlV O states as well as for the ͓Al 2 V O ͔ Ϫ state. For the latter, calculations were performed in two geometries: The equilibrium geometry of the neutral state in which the unpaired spin is found to be essentially localized on the Al͓3͔ ion and the equilibrium geometry of the negative charge state, in which the unpaired electron forms a covalent bond between the two Al ions. The theoretical results are summarized in Table III . All hyperfine tensors are found to have approximate axial symmetry ͑to an accuracy of ϳ1%), except for that of the rebonded Al ion in the unrelaxed ͓Al 2 V O ͔ Ϫ configuration, which is very small. This means that two components of the anisotropic part are identical, while the third is twice as large and has the opposite sign, so that the anisotropic tensor is traceless. In the table, only the largest component of the anisotropic term is therefore given.
Experimentally, most EPR studies of crystalline ␣-quartz have found signals corresponding to Al͓4͔ ions, either in the neutral isolated state or in the presence of a positive alkali ion such as H, Li, Na, etc. The EPR signals are only seen upon irradiation of the samples. It is believed that the Al ions in the unirradiated material are present in substitutional positions in the quartz lattice, with an extra electron filling the hole in the valence band arising from the reduced valence of the Al ion compared to Si. An alkali ion is present nearby to compensate the excess charge. In natural quartz containing only trace amounts of Al there is often sufficient alkali impurities present to compensate all Al ions. In silica glass doped primarily with Al this is obviously not the case, and these states are therefore less interesting in this context. Brower measured another series of hyperfine signals in silica glass which he interpreted as coming from Al͓3͔ ions with a trapped electron, either isolated or in the presence of an alkali ion. 13 The signal attributed to isolated Al͓3͔ was found to have an isotropic hyperfine parameter of 0.0331 cm Ϫ1 and an anisotropic coupling of 0.0030 cm Ϫ1 ͑largest value of anisotropic matrix͒ in very good agreement with the theoretical Concerning the various AlV O states it is interesting to notice that none of them give rise to a strong 27 Al hyperfine signal. Therefore the signal measured by Brower has no contribution from such structures. In the state with a rebonded Si atom all hyperfine parameters are quite small, indicating that the unpaired spin is largely located in the interstitial region. In the other states, the spin is almost completely localized on the Si cation. The hyperfine parameters found are slightly larger than the experimental results for the E 1 Ј center in pure silica, but in good agreement with the theoretical results of Boero et al., 30 suggesting that the difference is related to the theoretical approximations rather than the presence of Al.
Brower observed that the magnitude of the Si E 1 Ј signal appeared to follow the Al concentration, and speculated that this might be related to an AlV O state. 13 The present calculations show that this is a valid hypothesis insofar as the hyperfine AlV O signal should be similar to the ordinary Si-Si
D. Core level shifts
Various forms of core-level spectroscopies have been found to provide useful information about the chemical states of impurities in silica. In crystalline samples, x-ray fluorescence ͑XFS͒ from the K ␣ emission provides a clear distinction between different coordination states of cations such as Al, Si, and Ge. It has recently been shown that this quantity is predicted with very good accuracy by DFT calculations. 11 The calculated chemical shifts, referenced to metallic Al, are reported in Table IV (2) geometry has a shift similar to the substitutional ions. The shifts are, as is usually the case, found to increase with increasing coordination number. This can be understood as an effect of decreasing charge density at the Al cation: The 2p core hole provides a less attractive electrostatic potential for the valence electrons than the more compact 1s hole, meaning that the attraction between core hole and valence electrons will be stronger for the 1s hole, i.e., the initial state energy of the K ␣ transition is reduced more than the final-state energy by the interaction with the valence electrons. Therefore a smaller valence charge density on Al will lead to larger transition energies, i.e., a larger chemical shift. It is noteworthy that the shift of the Al͓5͔ ion in Al 4 ͓V O ͔ 2 (3) is larger than the shift of Al͓6͔ in crystalline Al 2 O 3 ͑also given in Table IV͒ . This shows that the Al ion becomes more positive in a silica environnment, which is a reasonable finding given that the sp levels of Al are higher in energy than those of Si. Another interesting result is that the chemical shift of the rebonded Al ion in the Al 2 V O state is close to that of the substitutional ions in the Al 4 ͓V O ͔ 2 states, indicating that the charge transfer away from the Al core region through the stretched bond is as effective as that which takes place through the bonds of the substitutional ions. The results presented so far show that the chemical shifts of the Al K ␣ line can provide a measure of the distribution of Al between different coordination states, but that it cannot distinguish ions of the same coordination in different structures ͑such as Al͓4͔ in Al 2 V O and Al 4 ͓V O ͔ 2 ). The situation is different if one considers the shifts of the 1s or 2p states individually. These shifts can be measured by x-ray photoemission spectroscopy ͑XPS͒. In Table V Table V . These are again connected with the number of O͓3͔ neighbor atoms since the bonds to these are longer. Thus the crucial difference between substitutional and interstitial Al atoms is the fact that the interstitials are only bonded to O͓3͔ atoms, whereas the substitutionals typically have one or two O͓3͔ neighbors. The difference between XPS and XFS in distinguishing various Al species can be understood in the following way: When a core hole is introduced at an Al atom the valence of this atom is effectively changed by one, so extra charge is attracted from its O neighbors. The XPS shifts represent the difference in energy between core holes residing on different atoms and the energy gained by attracting extra charge from the neighbors depends on the nature of these ͑e.g., whether they are O͓2͔ or O͓3͔ species͒. However, these site differences largely cancel out when considering XFS shifts, which are differences between 1s and 2p core hole energies. The XFS shifts are roughly determined by the amount of charge present in the core region of the Al atom with the core hole, and this quantity appears to follow the coordination state of the atom quite closely. On the other hand, the energy gained by attracting the charge is higher if O͓2͔ neighbors are present, which appears reasonable since the total charge on the O͓3͔ species is lower as will be discussed further below.
Chemical shifts of the O 1s levels have been calculated in the Al 4 ͓V O ͔ 2 (2) and Al 2 V O structures for O atoms in various coordination states. The 1s level position depends on the coordination number and nearest-neighbor species of the O atoms. The electronic charge on the O atom provides an attractive potential for the final-state 1s hole, so electron transfer to O will raise the 1s level position. The electronic charge on O is increased if Si neighbors are substituted by Al, since the Al valence orbitals are higher in energy than the Si ones, thus increasing the ionicity of the bond to O. On the other hand, an O͓3͔ atom will carry a smaller electronic charge than an O͓2͔, since a nonbonding O 2p electron is more localized on O than an electron bonding to Si or Al. Therefore O 1s core-level spectroscopy can in principle give information on the number of O͓3͔ atoms, and also on the degree of Al correlation ͑by distinguishing O atoms bonded to more than one Al ion͒. In Table VI , the shifts of the 1s levels relative to that of a reference O atom in the same structure but far from the Al impurities are listed. Consider first the results for the Al 2 V O geometry: In accordance with the above reasoning the O͓2͔ atoms bonded to Al have their 1s levels shifted upwards. The O͓3͔ atom has a negative shift of the 1s level, but comparison to the similar atom ͑neighbored by two Si and one Al͒ in the Al 4 ͓V O ͔ 2 (2) structure shows that the electron transfer to the core region of the O͓3͔ atom becomes less efficient as the Al͓4͔-O͓3͔ bond is stretched. This is in contrast to the result for the Al x-ray fluorescence data which indicated that the charge transfer away from the core region of the Al͓4͔ atom is essentially the same in the two cases, implying that the stretched bond leaves more charge in the interstitial region between the nuclei.
The results obtained in the Al 4 ͓V O ͔ 2 (2) structure are also consistent with the simple arguments outlined above. The largest negative level shift is seen for the O͓3͔ atom having only one Al neighbor. As the number of Al neighbors is raised, the chemical shift becomes less negative, and the 1s level of an O atom bonded to three Al atoms is close to that of the reference O atom far from the Al impurities. O͓2͔ atoms with one Al neighbor have positive chemical shifts, as expected. Remarkably, one of these ͑atom 8͒ has a distinctly larger shift than the other three. The difference is most likely related to the fact that atom 8 has another Si-Al bonded O atom in its second neighbor shell, which is not the case for atoms 1 and 2. The presence of the nearby Al-O bond apparently pushes more negative charge onto atom 8, showing that the effect of an Al impurity on O 1s level shifts goes beyond the nearest-neighbor shell.
In summary, O 1s core-level shifts only provide a clear distinction between different chemical states of O atoms if an energy resolution better than ϳ1 eV can be achieved. Furthermore, for samples with low Al content, the signal from the Al-related O species will only be a small feature on the wings of the main Si-O-Si signal and may be difficult to detect.
E. Electric-field gradients
The electric-field gradient ͑EFG͒ at a particular nucleus is a traceless tensor given by where V e is the electrostatic potential and the partial derivative is evaluated at the position of the nucleus in question. The tensor is conveniently expressed by two parameters, V zz and where V zz is the principal component of largest magnitude and
The coupling of the electric-field gradient to the quadrupolar moment of a nucleus with nuclear spin quantum number I Ͼ 1 2 can be measured in Mössbauer or NMR spectroscopy. The sign of V zz is not experimentally accessible.
Theoretically, evaluation of the EFG tensor requires knowledge of the electrostatic potential at the nucleus in question, which in turn can be derived from the electronic density. Only the lϭ2 component of V e ͑in an angularmomentum expansion centered on the nucleus͒ contributes. In the present formalism, the electronic density in the core region can be reconstructed as explained in Sec. II B, but it is important to notice that the EFG is a quantity which can be quite sensitive to the details of the calculation, and that several approximations are made in the present approach: First, the deformation ͑spherical as well as nonspherical͒ of the core states is neglected. Second, the valence basis orbitals in the core region are obtained in a free-atom calculation. Third, Vanderbilt's ultrasoft US-PP method, as well as Blöchl's PAW construction, 41 relies on a certain completeness assumption which is only approximately ͑although often with good accuracy͒ fulfilled. For these reasons, it is important to estimate the accuracy of the method by benchmarking it against other calculations using more accurate schemes.
The Al 2 SiO 5 polymorphs silimanite and andalusite have recently been studied theoretically by several authors in order to extract EFG parameters for Al and O nuclei in various coordination states. 47, 28, 27 These studies were performed using the highly accurate full potential linear augmented planewave ͑FLAPW͒ method within the LDA approximation. The advantages of FLAPW compared to the present method is an explicit treatment of the wave function in the core region and the possibility of including semicore orbitals like the Al 2p's in the valence basis set. The existence of such accurate theoretical calculations as well as experimental data makes these crystals an obvious test case for the US-PP method. In Table VII EFG values for silimanite and andalusite obtained using US-PP's are compared to FLAPW results 27, 28 as well as experimental values. 48, 47 To investigate the importance of the atomic basis orbitals used in the US-PP construction, calculations were performed using two different O pseudopotentials denoted PP1 and PP2 in Table VII : PP1 is the one used for the structural relaxations, and has two atomic orbitals in each of the s and p channels. PP2 has an extra orbital in the p channel. It can be seen that the EFG values obtained with different FLAPW codes and parameter choices are generally in good agreement with each other although in a few cases deviations of 5-10% occur. The US-PP results for ͉V zz ͉ at the Al nuclei are consistently smaller than those obtained using FLAPW, in one case by almost 40%, and are 20-50% smaller than the experimental values. On the other hand, for all the O nuclei except one, ͉V zz ͉ is overestimated compared to FLAPW ͑no experimental data exist here͒. However, the differences are somewhat smaller, around 10-15%. Most likely, the disagreement is caused by the frozen nature of the orbitals used in the PAW-like reconstruction of the charge distribution in the core region. When the Al ions are depleted of electronic charge by oxidation, the electronic orbitals must be expected to contract somewhat, increasing the asymmetric charge component close to the nucleus and thereby the EFG. The charge depleted from Al is transferred to the O ions, whose orbitals would therefore expand leading, by the same reasoning, to a reduction of the EFG. The atomiclike basis orbitals used in the US-PP construction are not able to respond to this charge redistribution, whereas the effect is included in the LAPW approximation. In the case of Al, an additional shortcoming of the US-PP method is that the deformation of the Al 2p states is not accounted for. This explains why the difference between LAPW and the US-PP method is larger for Al than for O. It can be seen from Table VII that the PP2 results for O are generally closer to the LAPW data, confirming that the limited variational degrees of freedom in the radial charge distribution is an important 19 These values are considerably lower than the ones obtained here, which is remarkable given that the findings for the Al 2 SiO 5 polymorphs suggest that the Al EFG values are somewhat underestimated by the US-PP method. This shows that Al in these materials sits in more symmetric local environments than the Al ions in the impurity structures studied here. Whether this is due to the greater flexibility of amorphous silica networks compared to the quartz supercells used here, or to the formation of more extended Si-Al-O structures at high Al 2 O 3 concentrations, remains an open question. However, the comparison of structural data with the EXAFS results of Sen 14 discussed in Sec. III A suggests that the present approach does indeed overestimate the Al-O bond length dispersion slightly ͑Sen's experiments were conducted on glasses with an Al 2 O 3 concentration below 1 mole %͒, and can therefore also be expected to overestimate the magnitude of the EFG tensors.
NMR spectroscopy on O ions is a difficult task due to the low abundance of the NMR-active 17 O isotope. Results for 17 O-enriched samples of sodium aluminosilicate glasses have been reported by several authors. [49] [50] [51] [52] As an example, Dirken et al. 49 ͑i͒ There is a large number of possible Al 4 ͓V O ͔ 2 structures, even in an ordered host like ␣-quartz. Only a subset of these have been included in the present model.
͑ii͒ It is not clear whether neutral, nonmagnetic Al impurities can move independently in amorphous silica, or whether they need to pair in order to share an O vacancy ͑as they must in a crystalline host͒. Both hypotheses were investigated in Sec. III B and were found to give quite different results for the impurity state distribution as a function of concentration.
͑iii͒ The structural results for the Al 2 V O defect in ␣-quartz and ␣-cristobalite suggest that isolated Al impurities will have three strong bonds and one which is weaker or wholly absent. However, one could speculate that the greater relaxational freedom in silica glass ͑and, in particular, in a silica melt͒ would make the formation of Al͓4͔ species with four strong bonds easier. If so, it is possible that the formation of Al 4 ͓V O ͔ 2 species would not occur at all but the glass would consist of independent Al͓4͔ ions up to very high Al 2 O 3 concentrations.
͑iv͒ Finally the assumption of a thermodynamical equilibrium state used in Sec. III B is questionable. It appears reasonable in melt-quenched glasses but may not be appropriate in other cases ͑e.g., glass manufactured by the sol-gel or plasma-enhanced chemical-vapor deposition ͑PECVD͒ methods͒.
Since the theoretical results does not provide a full understanding of Al impurity behavior it is important to consider the available experimental information. In the lowconcentration regime, an important series of EPR experiments were carried out by Brower. 12, 13 His assignment of a 27 Al hyperfine signal with an isotropic coupling constant of 0.0331 cm Ϫ1 to an Al͓3͔ ion with a trapped electron is confirmed by the results of Sec. III C. There are several interesting aspects of Brower's results: First, he observed the Al͓3͔ signal in silica manufactured from natural quartz by electrical melting in a vacuum or inert gas, but failed to observe it in similar quartz samples prior to melting. Second, he did not observe a signal corresponding to the one calculated in Sec. III C for a spin evenly distributed over two Al nuclei. And third, the concentration of paramagnetic Al͓3͔ impurities was found to be ϳ3ϫ10 16 The concentration results reported by Brower are also significant. They put a lower limit of 1-3% on the fraction of Al ions in the Al͓3͔ state. This suggests that many of the isolated Al ions in the glass do not form four strong bonds but rather that a distribution of bond lengths is present, i.e., that the notion of a site energy distribution for isolated Al ions suggested at the end of Sec. III B is not unreasonable. As long as Al 4 ͓V O ͔ 2 states do not come into play one would expect the ratio between Al͓3͔ and Al͓4͔ ions to be more or less independent of concentration, and characteristic of the glass fabrication process. However, in a glass sample doped with 1.04% Al 2 O 3 Brower did not report the Al͓3͔ EPR signal. 13 This suggests that the Al͓3͔ states at this high Al concentration were eliminated by the formation of Al 4 ͓V O ͔ 2 structures.
An EXAFS study of Al in melt-quenched silica glass was recently undertaken by Sen. 14 The glass was doped with 7300 ppm Al 2 O 3 by weight, corresponding to about 0.43 mole %. The EXAFS results for the local environment of Al, and their comparison to the equilibrium geometries found in the present work was discussed in Sec. III A. It was found that the average bond length, bond-length dispersions, and coordination numbers in the Al 4 ͓V O ͔ 2 geometries were all in fair agreement with the experimental results. This is not the case for the Al 2 V O structure, where the bond-length dispersion due to the stretched fourth bond of the Al͓4͔ ion becomes very large. Therefore Sen's results indicate that all but the most symmetric isolated Al ions ͑i.e., those having four strong bonds͒ have been eliminated in favor of Al 4 ͓V O ͔ 2 states at the Al 2 O 3 concentration of 0.4 mole %. Although this cannot be taken as a definite proof of Al 4 ͓V O ͔ 2 dominance, comparison with Brower's results showing a significant Al͓3͔ population at an Al concentration two orders of magnitude lower strongly suggests that a transition from isolated Al to Al 4 ͓V O ͔ 2 structures takes place in between these two concentrations. Of course, this conclusion would be somewhat stronger if the EXAFS and EPR measurements had been performed on the same samples.
Numerous 27
Al NMR studies have been made on glasses with Al 2 O 3 concentrations higher than 1 mole %. As discussed in Sec. III E, the quadrupole coupling constants contain only limited information on the local Al structure. The chemical shift tensor is thought to give a more reliable indication of the different Al coordination states. In glasses with Al 2 O 3 concentrations at or below 10 mole %, peaks at ϳ0, 30, and 60 ppm have been identified. 15, 53, 18 The peaks at 0 and 60 ppm are commonly assigned to Al͓6͔ and Al͓4͔, respectively. The peak around 30 ppm is in some cases assigned to Al͓5͔, 54 in others to Al͓4͔ in a distorted environment. 53 Somewhat mixed results regarding the concentration dependence of the peak intensities have been reported. Jin 18 However, at 10 mole % Al 2 O 3 signals from Al͓4͔ and Al͓6͔ dissolved in the glass matrix were seen. Fujiyama et al., using a different sol-gel process, reported an NMR spectrum with a clear Al͓4͔ peak at 3 mole % Al 2 O 3 concentration in the dried gel. 15 These results indicate that the Al states in sol-gel glasses are strongly dependent on the fabrication method, and are not adequately described by the thermodynamic considerations used here. In a recent study by Schmücker et al. of rapidly solidified aluminosilicate melts ͑10 mole % Al 2 O 3 ) a broad NMR signal with a peak around 30 ppm and noticeable shoulders at 54 and 4 ppm was reported. 53 If the 30-ppm signal is interpreted as arising from Al͓5͔ this finding is strongly at variance with the results presented here, as they would then imply that the majority of the Al impurities would be in the Al͓5͔ state. On the other hand, if the peak is caused by distorted Al͓4͔ tetrahedra, the Al 4 ͓V O ͔ 2 structure remains a valid hypothesis. That this is the case is supported by the broad nature of the NMR signal, which suggests that a gradual variation of the chemical shift can be caused by distortion. Addition of Na 2 O to the melts was found to increase and sharpen the peak around 54 ppm. Na 2 O addition would be expected to lead to the formation of isolated Al͓4͔ species compensated by Na ϩ ions. Such Al impurities would have more symmetric tetrahedral environments than the Al ions in the Al 4 ͓V O ͔ 2 structures, 55 and would therefore be expected to give a clearer Al͓4͔ NMR signal.
In summary, an analysis of theoretical and experimental results regarding Al 2 O 3 -doped silica glasses suggest that formation of Al 4 ͓V O ͔ 2 structures takes place somewhere in the concentration range between ϳ0.01 and 1 mole %. To test this hypothesis theoretically, realistic simulations of Al impurity behavior in a random silica network are needed. This will involve quenches of supercells with hundreds or even thousands of atoms using realistic energy functionals such as those based on DFT, or tight-binding approximations to DFT. Presently, this appears a tall ͑but not completely unfeasible͒ order. On the experimental side, more systematic studies of Al 2 O 3 -doped silica in the range of low and intermediate concentrations would be needed. As is evident from the above discussion, it is important that a multitude of experimental techniques is employed simultaneously.
V. CONCLUSIONS
Two simple geometries for Al 2 12, 13 However, this geometry was destabilized by the electron addition and the hyperfine tensors for the equilibrium geometry did not correspond to experimentally observed signals, suggesting that Al͓3͔ ions in amorphous silica are not paired. The 27 Al hyperfine tensors were found to be very small in the AlV O states, whereas the 29 Si tensors were close to those found at positively charged O vacancies in pure silica. Core-level chemical shifts were calculated for Al and O ions in various coordination states. It was found that shifts of the Al K ␣ flourescence line provided a measure of Al coordination, whereas the 1s and 2p level positions by themselves were more sensitive to whether the Al ion was substitutional or interstitial in the silica network. The O 1s chemical shifts were found to be sensitive to coordination as well as the number of Al neighbors to the O ion. EFG parameters were evaluated for Al ions and their O neighbors, but were found to have a complicated dependence on the nature of the local environment, thus precluding the prospect of using these parameters as a measure of, e.g., the coordination state of the ions.
